(1) Changes in species composition, live standing crop and plant litter have been measured in a salt marsh at La Perouse Bay, Manitoba in the presence of a grazer (the lesser snow goose, Anser caerulescens caerulescens) and when the grazer is excluded.
INTRODUCTION
The southern region of Hudson Bay is a centre of post-glacial isostatic uplift where the rate of recovery has been estimated at 1.2 m 100 year-1 (Weber, Richardson & Andrews 1970) . The high rate of uplift combined with the flatness of the land results in the appearance of 100 m to 200 m of new shoreline every 10 years (Martini 1982) . Along the southern shore of the Bay the primary colonists of the sediments of the tidal flats are Puccinellia phryganodest (Trin.) Scribn. and Merr., a stoloniferous grass of arctic salt marshes and Carex subspathacea Wormskj, a rhizomatous sedge. The latter species is particularly abundant in brackish sites (Thannheiser 1975; Kershaw 1976; Jefferies, Jensen & Abraham 1979; Glooschenko 1980) . At La Perouse Bay, Manitoba on the shores of Hudson Bay, the unconsolidated, saturated sediments undergo frostheave and on elevated mounds close to the limits of the highest tides Salix brachycarpa Nutt. establishes. This species is characteristic of the 'low willow' tundra which develops along the coastal strip of the Hudson Bay lowlands (Ritchie 1957) .
The rate of vegetation development of the salt marsh at La Perouse Bay is strongly influenced by a breeding colony of lesser snow geese (A nser caerulescens caerulescens). More than 5000 pairs of geese and 15 000 goslings feed intensively on Puccinellia and Carex communities from June to mid-August, before migrating southwards. Each summer, the geese crop the vegetation to 1 cm or less in height. Depending on the year, grazing significantly increases net above-ground primary production (NAPP) of the graminoid-dominated plant community by 30-106%, compared with ungrazed sites (Cargill & Jefferies 1984b; Bazely 1984) . Jefferies, Jensen & Abraham (1979) and Cargill & Jefferies (1984b) suggested that grazing retarded the rate of vegetation development associated with isostatic uplift. The colonial feeding of the geese maintains the Carex-Puccinellia community which produces relatively large quantities of high quality forage in response to the effects of grazing (Cargill & Jefferies 1984b ). It appears that the existence of the plant community in its present form strongly depends on these herbivores, which in turn depend upon the vegetation for their nitrogen requirements in an environment which is nitrogenlimited (Cargill & Jefferies 1984a) . The actions of the geese in increasing NAPP can be described in terms of positive feed-back. If they are removed NAPP should fall, the composition of the plant community should change and the vegetation should no longer be acceptable to the geese as forage.
As a test of these predictions goose exclosures have been erected on grazed areas of the marsh immediately after snowmelt every year since 1979, and changes in the vegetation in the absence of grazing recorded. The following measurements have been made: changes in the frequency of plant species; changes in the standing crop of the component species and changes in amounts of litter and standing dead material. The results have been compared with corresponding data for grazed areas adjacent to exclosures. The results of the predictions are discussed in relation to the responses of other plant communities to the absence or presence of grazing (Beeftink 1959; Harper 1969 Harper , 1977 Bakker 1978; Bakker, de Leeuw & van Wieren 1983; Crawley 1983; Jensen 1985) .
MATERIALS AND METHODS
A description of the salt marsh at La Perouse Bay and the vegetation zones has been presented elsewhere (Jefferies, Jensen & Abraham 1979; Cargill & Jefferies 1984b) .
Changes in thefrequency ofplant species in exclosures of different age In 1979 an exclosure (5 m x 5 m) was erected on an island (30 m x 25 m) in the braided estuary of the Mast River which flows into La Perouse Bay. The vegetation at the site of the exclosure consisted of a sward of Puccinellia and Carex. Other species present included Potentilla egedii Wormsk., Ranunculus cymbalaria Pursh., Stellaria humifusa Rottb. and Plantago maritima L. Wire netting and posts were used to construct the fence of the exclosure, which was 60 cm high. Coloured tape was stretched across the diagonals. The geese grazed to the edge of the exclosure fence but did not enter the exclosure. In early August of 1982 August of , 1983 August of and 1984 , two-hundred quadrats (5 cm x 5 cm) were placed at random both within the exclosure and in an adjacent grazed area (5 m x 5 m). The presence or absence of shoots of each species was recorded in each quadrat and the results expressed as percentage frequencies. Because initial changes in the species composition of the exclosed sward were not determined, the frequencies of species were recorded in August 1982 in an exclosure constructed earlier in that year and in an adjacent grazed area. Methods used were as described above.
Kendall's r, and W, non-parametric rank-correlation statistics were used to analyse the data (Sokal & Rohlf 1981) . Species which were rare or infrequent (frequencies < 3%) were omitted from the analysis.
Measurement of standing crop inside and outside exclosures
Each year between 1979 and 1984 inclusive, exclosures (5 m x 5 m) have been erected and maintained on the grazed tidal flats. Measurements of seasonal changes in live above-ground biomass and dead plant material were made in 1982, 1983 and 1984 on vegetation within exclosures. Similar measurements were made on grazed swards close to the exclosures. On each sampling date turves (10 cm x 10 cm x 2 cm deep) were cut at random from inside and outside the exclosures away from the immediate vicinity of the fence and transported to the field laboratory. The above-ground biomass was clipped and litter removed from each turf. The vegetation was washed through a sieve (1 mm mesh) and the living material was separated into component species. Dead material of the different species was combined as litter. Samples were oven-dried at 80 OC for about 24 hours and stored until the end of the summer, when they were redried at 80 0C and weighed to the nearest 0.01 g. Because sampling procedures for measurement of above-ground biomass and litter were linked to other experiments, the number of samples collected from inside and outside the exclosures, and the frequency of sampling, differed between years and between sites (Table 1) .
Statistical treatment of the results for live standing crop and litter and standing dead material involved an analysis of variance based on the use of a general linear regression model (Ray 1982) . Amounts of live and dead biomass for each exclosure and adjacent grazed site were averaged for the period 15 July to 10 September, when peak live standing crop was attained in each year. These values were used in the statistical analyses. (Cargill 1981) . The contribution of Puccinellia phryganodes to the standing crop at each site exceeded 85%, whereas that of Carex subspathacea was between 10 and 12%. Dicotyledonous plants accounted for the remainder of the aboveground biomass. Four years after the cessation of grazing, differences in the species composition and the frequencies of the species were detected between the exclosure sward and the adjacent grazed sward (Fig. 1) . In the grazed site the frequencies of both the graminoid species and the dicotyledons showed little change from 1982 to 1984. Puccinellia was present in nearly every quadrat, and the frequency of Carex exceeded 60% in each year. The combined frequencies of each of the four dicotyledons (Plantago, Potentilla, Ranunculus and Stellaria) did not exceed 25%, and most values were less than 10%. The total numbers of species of higher plants present in the exclosure in 1982, 1983 and 1984 were eleven, sixteen and sixteen respectively. Two of the species recorded in 1983 were not recorded in 1984 and vice versa ( Potentilla, Ranunculus and Stellaria occurred in the exclosure. These increases were largely the result of clonal growth. Most other species were present at frequencies of less than 10%, and individuals appeared to have established from seed. The presence of Calamogrostis deschampsioides Trin., Festuca rubra agg. and Salix brachycarpa Nutt. in the exclosure four to six years after the exclusion of geese is of particular interest. These species dominate the vegetation of the 'low willow' tundra within 200 m of the exclosure, where there is little grazing. The other significant change in the plant composition of the community in the exclosure is the switch in the frequencies of Carex and Puccinellia compared with those in the grazed plot, so that Carex has the higher frequency in the exclosure.
Differences in the frequencies of species in later summer in an exclosure erected immediately after snowmelt in 1982 and in an adjacent grazed area are shown in Table 2 . At the end of the initial season, additional species were not recorded in the exclosure compared with those present in the grazed area. However, the uninterrupted growth of stolons of Potentilla egedii and Ranunculus cymbalaria in the absence of grazing ensured that high frequencies were recorded for these species in the exclosure. The respective percentages for Potentilla in grazed and ungrazed plots were 49% and 65%, while corresponding values for Ranunculus were 25% and 68%. With increasing age of an exclosure the rank-correlation statistic (r) between assemblages of species in ungrazed and adjacent grazed sites falls from one (maximum value) in the initial season to 0.38 after five years. The two communities only show a significant correlation in the ranking of species in the initial season (Table 3 ).
The percentage contributions of different species on a weight basis to the peak standing crop in exclosures erected in 1979 and 1980 and in the adjacent grazed plots are shown in Fig. 2(a) and (b) respectively. In each year the peak standing crop was attained either in the second half of July, or in early August (Fig. 3) . In both exclosures the percentage contributions of Puccinellia phryganodes to the peak standing crop declined in successive years, whereas those of Carex subspathacea increased between 1982 and 1984. The contribution of Puccinellia declined from between 58% and 65% to between 22% and 32% depending on the exclosure. This result is similar to the changes in the frequencies of the two species during the same period. Although year-toyear differences in the amounts of Carex and Puccinellia as percentages of the total biomass were recorded in the grazed plots, no trend was evident. The increase in the biomass of Potentilla egedii to over 30% of the total after three years in one of the exclosures (Fig. 2a) was the result of the development of numerous stolons, which grew across bare sediments between graminoids, and in some cases gave rise to new plants.
As many as fifteen stolons developed from one plant. Outside the exclosures this species was heavily grazed and trampled, hence its above-ground biomass was low. In both exclosures a decline in the percentage contributions of Potentilla to the biomass was recorded in 1984 compared with those in 1983. The decline was associated with the build-up of plant litter and the development of a sward of Carex subspathacea. Other dicotyledonous species, such as Plantago maritima and Ranunculus cymbalaria, although present in the exclosures as relatively high frequencies, contributed little to the standing crop. The total contribution for this group to the biomass rarely exceeded 10%. New dicotyledonous species which appeared in the exclosures were present at low frequency, and their contribution to the above-ground biomass was negligible. Within the exclosures, most dicotyledons flowered, in contrast to grazed sites where flowering shoots were frequently eaten or trampled by the geese. Although it was not measured directly, the area of bare sediment declined markedly in older exclosures as live and dead biomass accumulated. Seasonal trends in standing crop in exclosures erected each year from 1979 to 1984 and in adjacent grazed areas are shown for 1982 to 1984 (Fig. 3) . There was significant year-to-year variation in amounts of standing crop in ungrazed swards at each site (Table 4 ). The standing crop of grazed swards in the summer of 1984 exceeded 50 g m-2 for most of the season, whereas in earlier years corresponding values were between 20 and 40 g m-2. However, the differences were not significant (P < 0.05). The results indicate that although the different sites were separated by as much as 1.5 km, grazing by the geese maintained a relatively uniform level of standing crop.
Within the ungrazed swards there were significant differences in standing crop within a season in relation to the age of the exclosure, in that peak standing crop occurred in the second and third season after the cessation of grazing (Table 4 ). In older exclosures there was a fall in standing crop to values which were not significantly different from that recorded for the first season after the construction of the exclosure. This trend in standing crop in relation to the number of years since grazing ceased was evident in both 1983 and 1984, when there was a sufficient number of exclosures of different age to allow such a comparison. In both 1983 and 1984 the percentage increase in standing crop in the second and third season following exclusion of the geese was approximately 80% when compared with values from new exclosures and from exclosures older than three years. In order to compare yields in exclosures of different ages, ratios of the amounts of live standing crop in exclosures to those in adjacent grazed sites were determined. The use of ratios dampened year-to-year variation in live biomass which was no longer significant, in contrast to yield in ungrazed swards of different age (Table 5 ). The results show that the highest ratios were obtained for exclosures which were one to two years old. Mean ratios were low for the initial season and for exclosures older than two years (Table 6) . Corresponding values for litter and standing dead material in the exclosures and adjacent grazed areas are shown in Fig. 4 . Within a season, amounts of dead plant material in grazed areas were not significantly different. The values ranged from about 40 g m-2 in 1984 to below 25 g m-2 in 1982. Amounts of dead plant material were often high in early June directly after spring melt but declined in early summer. During 1982 to 1984 significant amounts of litter accumulated in younger exclosures, so that the total quantity of dead plant material increased, in spite of tidal flooding in the late summer of each year (Table 7) . Corresponding increases were absent in older exclosures which suggested that an equilibrium had been reached between the accumulation of litter and the production of live biomass. Within a season, no trends in litter accumulation were recorded in exclosures of different age, except between those erected at the start of the season and those which were one year old.
The rise and subsequent fall in standing crop in relation to the number of years since the cessation of grazing, and the accumulation of litter and standing dead material between 1982 and 1984, indicates that the ratio of maximum standing crop to dead plant material changes over time. In the initial season the ratio exceeds 4: 1 based on values for July and August, but in exclosures which are four or five years old the ratio falls to less than 2: 1, as litter accumulates and standing crops fall.
DISCUSSION
Lesser snow geese graze the salt-marsh flats for up to 18 hours per day between hatching in the second half of June and movement to a staging area in August, prior to the autumn migration. They graze up to 80% of the NAPP of Puccinellia and Carex communities (Cargill & Jefferies 1984b) . The birds appear to be generalists in their foraging behaviour on the flats, in which both monocotyledonous and dicotyledonous plants are eaten.
Examination of the contents of the crops of adults and goslings revealed the presence of species recorded in the grazed sites (Bazely 1984) . The dicotyledonous plants (Plantago maritima, Potentilla egedii, Ranunculus cymbalaria and Stellaria humifusa) were present only in the crops of goslings, but the sample number of each age group was low (n = 5). Whether the goslings selectively graze these species remains to be established. In any event, the response of the two groups of plants to grazing is different. Both the graminoid species show compensatory growth when grazed by the geese, which results in a significant increase in NAPP of these species compared with the NAPP for ungrazed sites (Cargill & Jefferies 1984b; Bazely 1984) . The geese rarely remove entire shoots of Puccinellia and Carex (<12%); instead large numbers of leaves are partly grazed. The production of axillary shoots, new leaves and the regrowth of partly grazed leaves from basal meristems accounts for compensatory growth in Puccinellia (Bazely 1984) and Carex (P. Kotanen, unpublished data). The growth of tillers to form a prostrate dense canopy, in response to grazers, occurs in other natural grasslands (Vesey-Fitzgerald 1973; McNaughton 1976 McNaughton , 1979 , and when sheep and cattle graze perennial ryegrass swards (Wade 1979; Grant, Barthram & Torvell 1981; Grant et al. 1983; Parsons et al. 1983a ). Removal of the apical meristems of leaves and stolons of the dicotyledonous plants results in little or no regrowth, even after the geese have left in August. The length of time that individuals survive prolonged grazing is being investigated. Unlike more lightly grazed systems, where species diversity may be high (Harper 1969; Crawley 1983) , grazing favours the development of ramets of Puccinellia and Carex at the expense of the establishment and growth of dicotyledonous plants. Gray & Scott (1977a) have reported that grazing by sheep also leads to the replacement of broad-leaved species by Puccinellia maritima in Morecambe Bay salt marsh.
The cessation of grazing results in changes not only in the species composition but also in the primary production of the community. Extensive stolon production by individuals of Potentilla egedii and Ranunculus cymbalaria, for example, allows these species to exploit bare patches between formerly grazed plants of Puccinellia and Carex. Grazing restricts litter accumulation because undigested plant material is converted into goose droppings. Thus in the initial stages after the cessation of grazing the sites are rapidly colonized. The rapid increase in the abundance of dicotyledons after the removal of the grazer has been reported elsewhere (Thomas 1960; Harper 1969) . These authors also indicated that the dicotyledons were replaced, in turn, by a few species of grasses. The results (Fig. 2a, b) suggested that a comparable change was taking place in the swards in the exclosures; species such as Potentilla egedii showed a decline in their percentage contribution to the total biomass in 1984 compared with values for the previous two years. The contribution of other dicotyledonous species to the biomass similarly declined, as the graminoid species reestablished themselves as the major contributors. The withdrawal of the herbivore led to extensive flowering and seed production of Plantago maritima, Potentilla egedii and Stellaria humifusa in the years immediately after the cessation of grazing, a response similar to that recorded by Farrow (1917 ), Watt (1962 , Bishop, Davy & Jefferies (1978) and Bishop & Davy (1984) when the number of rabbits declined at their study sites.
Changes in standing crop and dead plant material indicate that after the cessation of grazing the ratio of living biomass to dead biomass declines as the sward ages. Grant et al. (1985) found a similar decline in this ratio. They compared the ratio for tussocks of Nardus stricta, avoided by grazing sheep, and the ratio for tussocks of a Festuca-Deschampsia community that was heavily grazed. At La Perouse Bay the peak standing crop occurs one or two years after the withdrawal of the grazer (Fig. 3) . At this stage the dicotyledonous plants contribute more than 30% to the total biomass. In contrast, the total peak standing crop in older plots is less and the percentage contribution of dicotyledons to the biomass declines. Litter accumulates in the exclosures so that the amount is greater than or equal to that in a previous year (Fig. 4) . The accumulation occurs in spite of tidal immersion of exclosures in August and September. Because of the gently sloping shoreline, wave action is minimal and large quantities of litter are not deposited on the strand line. The build-up of litter in the absence of grazing was also observed by Bakker, de Leeuw & van Wieren (1983) in fields grazed by sheep.
Attenuation of photosynthetically-active radiation through the canopy may limit the rate of photosynthesis within the sward, particularly when the leaf area index (LAI) approaches or exceeds 3.0 (Johansson & Linder 1975; Johnson & Tieszen 1976) . The combined LAI for live and dead shoots in exclosures exceeds 3.0 late in the season whereas for the standing crop in grazed sites it is less than 1.0 (Bazely 1984) .
Unstable geological conditions prevail at the exclosure sites and plant communities are changing in response to isostatic adjustment. In time the salt-marsh community on the tidal flats will be replaced by 'low willow' communities of Salix brachycarpa and fen communities of different graminoid species (Kershaw 1976; Jefferies, Jensen & Abraham 1979) . These changes will occur in spite of heavy grazing of the salt-marsh vegetation by snow geese. The presence of the geese may delay the rate of vegetational development (Jefferies, Jensen & Abraham 1979) , but cannot arrest it.
Although the erection of exclosures results in the cessation of grazing, the subsequent changes in the plant community do not provide a measure of the tendency of the saltmarsh ecosystem to return to some equilibrium state (Pimm 1984 ) characteristic of ungrazed conditions, because unstable conditions prevail throughout the marsh. The species composition in the older exclosures is similar to that of ungrazed sites within the 'low willow' fen community beyond the strand line. However, the frequencies of the different species show little in common with those of the willow community which is dominated by Salix brachycarpa, Calamogrostis deschampsiodes and Festuca rubra agg. At present the communities within the exclosures are not found elsewhere at La Perouse Bay and may represent a cul-de-sac in community development. Bakker (1978) has reported abrupt changes in some types of salt-marsh vegetation in response to mowing and grazing, followed by little further change over five years. In a recent study in Denmark, Jensen (1985) has reported that there were no qualitative changes in the species composition of a Puccinellion maritimae over six years, following the cessation of cattle and sheep grazing. In contrast, other communities gained and lost species when exclosures were erected. All of these studies indicate that changes in the structure of plant communities are often abrupt and are frequently interspersed with long periods of stasis. Whether future changes in the plant communities of exclosures at La Perouse Bay will be similar to those of ungrazed communities elsewhere on the marsh cannot be predicted at this stage. The replacement of Puccinellia by Carex in the exclosures probably occurs in response to the slight elevation of the plot relative to the surrounding area. The accumulation of plant litter and silt trapped by the vegetation may result in less saline conditions prevailing in the rooting zone of the sediments. Field observations indicate that sedge is abundant in brackish rather than saline marshes in the Arctic (Jefferies 1977) . The probable shift in environmental conditions and the absence of grazing favours the growth of Carex at the expense of Puccinellia. In a similar study, Gray & Scott (1977b) examined the distribution of grasses in salt marshes in Morecambe Bay. Puccinellia maritima was largely restricted to immature soils with high sodium contents. However, where this species was present in the high level saltings, it grew in hollows, whereas Festuca rubra and Agrostis stolonifera grew on humps. Experimental studies indicated that Puccinellia was more competitive when seawater was applied and Agrostis the most competitive under freshwater conditions (Gray & Scott 1977b) .
The existence of the grazed community at La Perouse Bay is strongly dependent on the colonial feeding of the geese. The overall effect of grazing is an increase in both the quantity and quality of forage (Cargill & Jefferies 1984b) . In a similar study where swards were intensively grazed by sheep, so that little of the vegetation was allowed to senesce, the animals maintained a high intake of forage. In contrast, when the swards were leniently grazed and more tissue senesced, intake declined (Parsons et al. 1983b ). The deleterious effect of the build-up of litter on the quality of the diet of sheep has been noted by Eadie & Black (1968) . The fence of a two-year-old exclosure at La Perouse Bay was removed in the spring of 1983, but very little grazing of the sward occurred in 1983 or in 1984. The results suggest that once grazing pressure is relaxed, it is unlikely that the grazers will utilize the modified plant community as forage. The change represents a loss of preferred forage.
